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©  Aircraft  wing  and  winglet  arrangement. 
  An  aircraft  wing  (1)  has  a  winglet  (2)  extending  from  the 
tip  to  reduce  drag  and  thereby  improve  the  efficiency  of  the 
aircraft.  Hitherto  such  winglets  (2),  although  they  have  suc- 
ceeded  in  reducing  drag,  they  have  also  increased  the  wing 
bending  moment  at  high  coefficients  of  lift  sufficient  to 
require  a  strengthened  and  therefore  heavierwing.  Moreover, 
they  have  suffered  flow  breakaway  at such  high  coefficients  of 
lift  and  have  therefore  incurred  aircraft  control  problems.  A 
winglet  according  to  the  present  invention,  is  of  high  sweep 
back  and  low  Aspect  Ratio.  It  resulting  increase  in the  bending 
moment  on  the  wing  is  relatively  low  even  at  high  lift  coeffi- 
cients  and  since  it  changes  from  conventional  attached  flowto 
vortex  flow  and  therefore  does  not  experience  random  flow 
breakaway  at  high  lift  coefficients,  it  does  not  harm  aircraft 
control. 



T h i s   i n v e n t i o n   r e l a t e s   to  a i r c r a f t   w i n g s   a n d  

w i n g l e t s   t h e r e f o r e .  

I t   is  known  t h a t   p r o v i d i n g   a  w i n g l e t   at   the   t i p   o f  

an  a i r c r a f t   wing  can  s i g n i f i c a n t l y   r e d u c e   the   l i f t  

i n d u c e d   d r a g   c o m p a r e d   w i t h   a  wing  no t   so  p r o v i d e d .  

H i t h e r t o ,   such   w i n g l e t s   have   t e n d e d   to  i n c r e a s e   t h e  

b e n d i n g   moments   e x p e r i e n c e d   by  the   wing  t h u s  

n e c e s s i t a t i n g   a  s t r e n g t h e n e d   and  t h e r e f o r e   h e a v i e r   w i n g .  

A l s o ,   such   w i n g l e t s   have   t e n d e d   to  s t a l l ,   t h a t   is  t o  

s a y ,   e x p e r i e n c e   f l o w   b r e a k a w a y   over   t h e i r   s u r f a c e s ,  

when  h i g h   l i f t   c o n d i t i o n s   a r e   e x p e r i e n c e d   by  the   w i n g  

p r o p e r ,   fo r   e x a m p l e   d u r i n g   t a k e   o f f ,   c a u s i n g   s u d d e n   l i f t  

l o s s e s ,   r e l a t i v e l y   l a r g e   i n c r e a s e s   in  d r a g ,   a n d  

a t t e n d a n t   h a n d l i n g   p r o b l e m s   fo r   the   a i r c r a f t .  

A c c o r d i n g l y ,   two  m a j o r   o b j e c t s   of  the   p r e s e n t  

i n v e n t i o n   a r e  

(a)  to  r e d u c e   the   l i f t   i n d u c e d   d r a g   of  an  a i r c r a f t  

wing  c o m p a r e d   w i t h   a  s i m i l a r   wing  n o t   s o  

f i t t e d   by  the   a d d i t i o n   of  a  w i n g l e t   w i t h o u t   s o  

i n c r e a s i n g   the   b e n d i n g   moments   e x p e r i e n c e d   by  

t he   wing  t h a t   l i t t l e   or  no  s t r e n g t h e n i n g   i s  

r e q u i r e d ,   a n d  

(b)  to  p r e v e n t   or  at   l e a s t   m i n i m i s e   f l o w   b r e a k a w a y  

over   the   w i n g l e t   so  t h a t   no  h a n d l i n g   p r o b l e m s  

a r e   c a u s e d   by  f i t t i n g   the  w i n g l e t .  



A c c o r d i n g   to  t h e   i n v e n t i o n ,   an  a i r c r a f t   w i n g  

i n c l u d e s   ma in   wing  means   h a v i n g   a  m e d i a n   p l a n e   and  a  

wing  t i p   r e g i o n   of  s p e c i f i e d   c h o r d   h a v i n g   a  l e a d i n g   e d g e  

r e g i o n   and  a  t r a i l i n g   edge   r e g i o n ,   and  w i n g l e t   m e a n s  

e x t e n d i n g   f rom  s a i d   wing  t i p   r e g i o n ,   t he   w i n g l e t   m e a n s  

h a v i n g   a  r o o t   r e g i o n   w i t h   b o t h   a  f o r w a r d   e x t r e m i t y   and  a  

r e a r w a r d   e x t r e m i t y   in  t h e   r e g i o n   of  t he   m e d i a n   p l a n e ,  

t he   f o r w a r d   e x t r e m i t y   of  t h e   w i n g l e t   means  l y i n g   a t   o r  

r e a r w a r d   of  t h e   l e a d i n g   e d g e   r e g i o n   of  the   main  w i n g  

m e a n s ,   a  t i p   r e g i o n   r e m o t e   f rom  t he   m e d i a n   p l a n e ,   a  

l e a d i n g   edge   r e g i o n   e x t e n d i n g   b e t w e e n   t he   f o r w a r d  

e x t r e m i t y   and  t h e   t i p   r e g i o n   of  h i g h   sweep  back   o v e r   a t  

l e a s t   p a r t   of  i t s   l e n g t h   a t   or  n e a r   the   r o o t   r e g i o n ,   a n d  

a  t r a i l i n g   edge   r e g i o n   e x t e n d i n g   b e t w e e n   the   r e a r w a r d  

e x t r e m i t y   of  t he   r o o t   r e g i o n   and  t he   t i p   r e g i o n ,   t h e  

r a t i o   of  t he   s q u a r e   of  t he   d i s t a n c e   f rom  the   t i p   r e g i o n  

to  t he   r o o t   r e g i o n   to  t he   a r e a   b o u n d e d   by  and  i n c l u d i n g  

t h e   r o o t   r e g i o n ,   t he   t i p   r e g i o n ,   t he   l e a d i n g   edge   r e g i o n  

and  t h e   t r a i l i n g   edge   r e g i o n   b e i n g   1 .5   or  l e s s .  

By  t h i s   a r r a n g e m e n t ,   s u c h   a  w i n g l e t   p r o v i d e s   a  d r a g  

r e d u c t i o n   c o m p a r e d   w i t h   t h e   same  wing  no t   so  e q u i p p e d .  

In  p a r t i c u l a r ,   t h e   w i n g l e t   can  be  a r r a n g e d   to  p r o v i d e  

i t s   m o s t   u s e f u l   d r a g   r e d u c t i o n   a t   a  p a r t i c u l a r   l i f t  

c o e f f i c i e n t   of  t he   wing  on  w h i c h   i t   is   to  be  a t t a c h e d ,  

f o r   e x a m p l e   t h a t   l i f t   c o e f f i c i e n t   s u i t a b l e   fo r   l o n g  

r a n g e   c r u i s e ,   bu t   when  t h e   c o e f f i c i e n t   of  l i f t   of  t h e  



wing  is  i n c r e a s e d ,   for   e x a m p l e   f o r   in  f l i g h t   m a n o e u v r e s ,  

t he   r a t e   and  h e n c e   the  t o t a l   i n c r e a s e   of  wing  b e n d i n g  

moment   as  a  d i r e c t   r e s u l t   of  t he   p r e s e n c e   of  t h e  

w i n g l e t   is   much  lower   t han   h i t h e r t o .  

N a t u r a l l y ,   a l t h o u g h   d e s c r i b e d   fo r   e a s e   o f  

c o m p a r i s o n   w i t h   r e f e r e n c e   to  an  e x i s t i n g   w i n g ,   t h i s  

a d v a n t a g e   is  a p p l i c a b l e   to  w i n g s   d e s i g n e d   f rom  t h e  

o u t s d e t   to  i n c l u d e   a  w i n g l e t   a c c o r d i n g   to  the   i n v e n t i o n .  

F u r t h e r m o r e ,   in  c o n d i t i o n s   when  p r e v i o u s l y   k n o w n  

w i n g l e t s   wou ld   t e n d   to  e x p e r i e n c e   f l o w   b r e a k a w a y ,   t h e  

w i n g l e t   of  t he   p r e s e n t   i n v e n t i o n   d e v e l o p s   s t r o n g   v o r t e x  

s h e e t s   w h i c h ,   by  f l o w i n g   ove r   i t s   s u r f a c e s   p r e v e n t  

r a n d o m   f l o w   b r e a k a w a y .   Such  c o n d i t i o n s   l e a d i n g   to  f l o w  

b r e a k a w a y   on  p r e v i o u s   w i n g l e t s   o c c u r   when  t h e  

c o e f f i c i e n t   of  l i f t   of  the  wing  is  i n c r e a s e d   b y  

i n c r e a s i n g   i n c i d e n c e   and  t h e r e   is  c o n s i d e r a b l e   f l o w   f r o m  

the   u n d e r s u r f a c e   to  the  u p p e r   s u r f a c e   a r o u n d   t h e   w i n g  

t i p .  

The  a r r a n g e m e n t   a l s o   e n s u r e s   t h a t   i ce   does   n o t  

r e a d i l y   fo rm  on  the   w i n g l e t ,   a n d ,   i f   i t   does   f o r m ,   i t  

m e r e l y   c a u s e s   v o r t e x   s h e e t s   to  be  f o r m e d   w i t h   no  

s i g n i f i c a n t   e f f e c t s   on  a i r c r a f t   h a n d l i n g .  

Some  e m b o d i m e n t s   of  the   i n v e n t i o n   a p p l i e d   to  a  

s u b s o n i c   t r a n s p o r t   a i r c r a f t   a re   d e s c r i b e d   by  way  o f  

e x a m p l e   w i t h   r e f e r e n c e   to  the   a c c o m p a n y i n g   d r a w i n g s   i n  

w h i c h : -  



F i g u r e   1  i s   a  p e r s p e c t i v e   v iew  of  an  a i r c r a f t   w i n g  

t i p   l o o k i n g   o u t b o a r d ,   the   i l l u s t r a t e d   a i r   f low  b e i n g  

t y p i c a l   of  t h a t   in  c r u i s i n g   f l i g h t ,  

F i g u r e   2  i s   a  s i m i l a r   v i ew   to  t h a t   of  F i g u r e   1  b u t  

w i t h   t h e   i l l u s t r a t e d   a i r   f l o w   b e i n g   t y p i c a l   of  t h a t   i n  

h i g h   l i f t   c o e f f i c i e n t   f l i g h t ,  

F i g u r e   3  i s   a  s i m i l a r   v i ew   to  t h a t   of  F i g u r e   1  b u t  

s h o w i n g   an  a l t e r n a t i v e   e m b o d i m e n t   a g a i n   in  c r u i s e   f l o w  

c o n d i t i o n s .  

F i g u r e   4  i s   a  s i m i l a r   v i e w   to  t h a t   of  F i g u r e   3  b u t  

s h o w i n g   t h e   a l t e r n a t i v e   e m b o d i m e n t   in  h i g h - l i f t  

c o e f f i c i e n t   f l i g h t ,  

F i g u r e   5  i s   a  v i e w   of  t he   e m b o d i m e n t   of  F i g u r e s   3 

and  4  b u t   i l l u s t r a t i n g   t h e   i n c o r p o r a t i o n   of  h o u s i n g  

m e a n s ,  

F i g u r e   6  i s   a  v i e w   on  Ar row  VI  of  F i g u r e   5 ,  

F i g u r e  7   i l l u s t r a t e s   a  t r u e   s i d e   v iew  of  t h e  

e m b o d i m e n t   of  F i g u r e s   1  and  2  l o o k i n g   i n b o a r d ,  

F i g u r e   8  i l l u s t r a t e s   a  t r u e   s i d e   v i ew  of  t h e  

e m b o d i m e n t   of  F i g u r e s   3  and  4  l o o k i n g   i n b o a r d ,  

F i g u r e s   9a ,   b,  c,  a r e   s i m i l a r   v i e w s   to  t h a t   o f  

F i g u r e  7   s h o w i n g   a l t e r n a t i v e   e m b o d i m e n t s ,  

F i g u r e   10  is   a  s i m i l a r   v i e w   to  t h a t   of  F i g u r e   8 

s h o w i n g   an  a l t e r n a t i v e   e m b o d i m e n t ,  

F i g u r e   11  is   a  f r o n t   v i e w   of  a  wing  t i p   w i t h  

w i n g l e t   i l l u s t r a t i n g   v a r i o u s   a n g l e s   of  c a n t ,  



F i g u r e   12  is  a  g r a p h   i l l u s t r a t i n g   ( c h a n g e   of  w i n g  

b e n d i n g   moment)   d i v i d e d   by  ( d y n a m i c   p r e s s u r e )   p l o t t e d  

a g a i n s t   (wing  l i f t   i n c r e a s e )   d i v i d e d   by  ( d y n a m i c  

p r e s s u r e )   fo r   t h r e e   f o r m s   of  wing  t i p   a r r a n g e m e n t  

r e l a t i v e   to  an  u n m o d i f i e d   w i n g ,   a n d ,  

F i g u r e   13  is  a  g r a p h   s h o w i n g   (d r ag   r e d u c t i o n )  

d i v i d e d   by  ( d y n a m i c   p r e s s u r e )   p l o t t e d   a g a i n s t   (wing  l i f t  

i n c r e a s e )   d i v i d e d   by  ( d y n a m i c   p r e s s u r e )   fo r   t he   s a m e  

t h r e e   f o r m s   of  wing  t i p   a r r a n g e m e n t   r e l a t i v e   to  t h e  

u n m o d i f i e d   w i n g .  

In  e a c h   c a s e   ( w i n g  l i f t )   d i v i d e d   by  ( d y n a m i c  

p r e s s u r e )   i s   p r o p o r t i o n a l   to  c o e f f i c i e n t   of  l i f t .  

R e f e r r i n g   i n i t i a l l y   to  F i g u r e s   1  a n d   2,  an  a i r c r a f t   w i n g  

i n c l u d e s   a  main  wing  1  of  w h i c h   o n l y   a  t i p   r e g i o n   i s  

shown  and  a  w i n g l e t   2  e x t e n d i n g   from  the   t i p   r e g i o n   b o t h  

u p w a r d s   and  d o w n w a r d s   f rom  a  m e d i a n   p l a n e   X  -   X  of  t h e  

w i n g .   The  m e d i a n   p l a n e   X  -   X  is  t h a t   p l a n e   e x t e n d i n g  

t h r o u g h   or  n e a r   the   f o r e m o s t   and  r e a r m o s t   e x t r e m i t i e s   o f  

t h e   w i n g .  

The  wing  t i p   has  a  l e a d i n g   edge  r e g i o n   3  and  a  

t r a i l i n g   edge   r e g i o n   4 .  

A l t h o u g h   i l l u s t r a t e d   as  e x t e n d i n g   b o t h   the   u p w a r d s  

and  d o w n w a r d s   d i r e c t i o n s   f rom  the   med ian   p l a n e   X  -   X  a  

w i n g l e t   2  may  e x t e n d   o n l y   in  one  of  the   d i r e c t i o n s .  

M o r e o v e r ,   a l t h o u g h   i l l u s t r a t e d   as  s y m m e t r i c a l l y   d i s p o s e d  

a b o u t   t he   m e d i a n   p l a n e   when  e x t e n d i n g   in  b o t h  

d i r e c t i o n s ,   a  w i n g l e t   2  may  not   be  n e c e s s a r i l y   s o .  



As  i l l u s t r a t e d   in  F i g u r e s   1  and  2,  a  w i n g l e t   2  h a s  

a  r o o t   r e g i o n   5  w i t h   a  f o r w a r d   e x t r e m i t y   6  and  a  

r e a r w a r d   e x t r e m i t y   7,  an  u p p e r   t i p   r e g i o n   8  and  an  u p p e r  

l e a d i n g   e d g e   r e g i o n   9  e x t e n d i n g   b e t w e e n   the   f o r w a r d  

e x t r e m i t y   6  and  t he   t i p   r e g i o n   8.  The  l e a d i n g   e d g e  

r e g i o n   i s   of  h i g h   s w e e p b a c k ,   in  t h i s   c a s e   b e i n g   at   a  

c o n s t a n t   a n g l e   Q  t y p i c a l l y   70°  m e a s u r e d   f rom  t h e  

n o r m a l   to  t he   m e d i a n   p l a n e   X  -  X .   A  t r a i l i n g   e d g e  

r e g i o n   10  e x t e n d s   f rom  t h e   r e a r w a r d   e x t r e m i t y   7  to  t h e  

t i p   r e g i o n   8.  The  r a n g e   of  s u i t a b l e   a n g l e s   and  o t h e r  

p a r a m e t e r s   a r e   d i s c l o s e d   w i t h   r e f e r e n c e   to  F i g u r e   7 .  

The  a s p e c t   r a t i o   (AR)  of  t h a t   p o r t i o n   above   the   m e d i a n  

p l a n e   X  -   X,  t h a t   is   to  s a y ,   t h e   r a t i o   of  the   s q u a r e   o f  

t h e   d i s t a n c e   f rom  t he   t i p   r e g i o n   8  to  t he   r o o t   r e g i o n   5 

when  m e a s u r e d   n o r m a l   to  t h e   m e d i a n   p l a n e   ( i . e .   t h e  

s q u a r e   of  t h e   s e m i - s p a n )   and  t he   a r e a   b o u n d e d   by  a n d  

i n c l u d i n g   t he   r o o t   r e g i o n   5,  t he   t i p   r e g i o n   8,  t h e  

l e a d i n g   edge   r e g i o n   9  and  t h e   t r a i l i n g   edge   r e g i o n   10  

( i . e .   t h e   g r o s s   a r e a   a b o v e   or  b e l o w   t he   m e d i a n   p l a n e   X  -  

X)  i s   t y p i c a l l y   0 . 4 5 .   I t   is   t h u s   of  low  a s p e c t   r a t i o .  

The  o v e r a l l   a s p e c t   r a t i o   f o r   t he   w i n g l e t   e x t e n d i n g   b o t h  

a b o v e   and  b e l o w   the   wing  m e d i a n   p l a n e   X  -   X  i s  

t y p i c a l l y   0 . 9 0 .  

In  t h i s   e m b o d i m e n t ,   t h a t   p a r t   of  t he   w i n g l e t   2 

e x t e n d i n g   b e l o w   is  a  m i r r o r   image   of  t h a t   e x t e n d i n g  

a b o v e .   The  c o m p o n e n t s   t h e r e o f   a r e   g i v e n   the   s u f f i x   R i " ,  



s i g n i f y i n g   " i n v e r t e d " .  

The  sweep  a n g l e   of  the   t r a i l i n g   edge  r e g i o n   10  i s  

s e l e c t e d   to  p r o v i d e   a d e q u a t e   c h o r d   l e n g t h   of  t he   r o o t  

r e g i o n   5  fo r   s t r u c t u r a l   p u r p o s e s   a n d / o r   to  a i d  

a e r o d y n a m i c   d e s i g n   of  the   g u l l y   b e t w e e n   the  main   wing  1 

and  the   w i n g l e t .  

R e f e r r i n g   now  to  F i g u r e s   3  and  4,  a  w i n g l e t   2  h a s  

s i m i l a r   c o n f i g u r a t i o n   to  t h a t   of  F i g u r e s   1  and  2  and  i s  

t h u s   a l l o c a t e d   l i k e   r e f e r e n c e   n u m e r a l s   for   l i k e   i t e m s .  

I t   is  o n l y   in  r e s p e c t   of  the   l e a d i n g   edge  r e g i o n s   9 

and  9i  t h a t   s i g n i f i c a n t   d i f f e r e n c e   is  p r e s e n t .   T h e  

r e g i o n   9  and  9i  a re   each   f o r m e d   of  an  i n b o a r d   r e g i o n   11 

l y i n g   n e a r   the   r o o t   r e g i o n   5  and  an  o u t b o a r d   r e g i o n   12  

l y i n g   n e a r   the   t i p   r e g i o n   8.  The  i n b o a r d   r e g i o n   11  i s  

of  h i g h   s w e e p b a c k   a n g l e   Ql  t y p i c a l l y   700  m e a s u r e d   f r o m  

the   n o r m a l   to  the   m e d i a n   p l a n e   X  -   X  w h i l s t   t he   o u t b o a r d  

r e g i o n   12  is  of  l e s s   s w e e p b a c k   a n g l e   Q2,  t y p i c a l l y  

4 5 ° .  

The  a s p e c t   r a t i o   of  the   p o r t i o n   above   the   m e d i a n  

p l a n e   X  -   X  is   t y p i c a l l y   0 . 8 0   and  fo r   the   who le   w i n g l e t  

e x t e n d i n g   above   and  b e l o w   the   m e d i a n   p l a n e   is  t y p i c a l l y  

1 . 6 0 .   A l t h o u g h   t h i s   a s p e c t   r a t i o   is  n a t u r a l l y   g r e a t e r  

t h a n   t h a t   fo r   the   e m b o d i m e n t   of  F i g u r e s   1  and  2,  i t   i s  

s t i l l   d e f i n e d   as  ' l o w ' .  

The  i n b o a r d   r e g i o n   11  t y p i c a l l y   e x t e n d s   ove r   t h e  

i n b o a r d   60%  of  the   d i s t a n c e   b e t w e e n   the  t i p   r e g i o n   8  a n d  



8i  and  t h e   r o o t   r e g i o n   5  and  5 i ,   w h i l s t   the   o u t b o a r d  

r e g i o n   12  t y p i c a l l y   e x t e n d s   o v e r   the   o u t b o a r d   40%.  

As  is  shown  in  F i g u r e   4,  i t   is   p o s s i b l e   to  a l l o w   t h e  

f l o w   o v e r   t h e   o u t b o a r d   r e g i o n s   12,  12i   and  the   t i p  

r e g i o n s   8,  8i  to   b r e a k   away  as  i n d i c a t e d   by  the   s t r e a m  

of  b u b b l e s   1 2 ' ,   1 2 ' i )   a t   h i g h   l i f t   a n d / o r   h i g h   s p e e d  

c o n d i t i o n s .   The  v o r t e x   f l o w   o v e r   the   i n b o a r d   r e g i o n s  

11,  11i   a r e   r e f l e c t i v e   to  k e e p   t h i s   b r e a k   away  f l o w  

l i m i t e d   in  e x t e n t   and  t h u s   m i n i m i s e   any  e f f e c t   o n  

a i r c r a f t   h a n d l i n g .   T h i s   a r r a n g e m e n t   has  a d v a n t a g e   i n  

t h a t   a e r o d y n a m i c   l o a d   on  t h e   w i n g l e t   is  r e d u c e d   i n  

o t h e r w i s e   h i g h   l o a d   c o n d i t i o n s   of  the   wing  and  w i n g l e t .  

F i g u r e s   5  and  6  i l l u s t r a t e   how  the   r o o t   r e g i o n   5  o f  

t h e   w i n g l e t   2,  i r r e s p e c t i v e   of  the   s h a p e   of  i t s   l e a d i n g  

e d g e   r e g i o n   9,  9 i ,   can  be  e x t e n d e d   i n b o a r d   to  m o d i f y   t h e  

g u l l y   r e g i o n   b e t w e e n   the   s u r f a c e   of  the   main  wing  1  a n d  

t h e   i n b o a r d   s u r f a c e   of  t he   w i n g l e t   2  to  i m p r o v e   t h e  

q u a l i t y   of  f l o w   in  t h a t   r e g i o n .   C o n v e n i e n t l y ,   t h i s  

e x t e n d e d   r o o t   r e g i o n   can  p r o v i d e   a  h o u s i n g   13  f o r   a n  

i t e m   s u c h   as  n a v i g a t i o n   l i g h t ,   a n t e n n a ,   or  f u e l   j e t t i s o n  

d u c t .  

F i g u r e   6  i l l u s t r a t e s   how  the   l e a d i n g   edge   r e g i o n s  

9,  9 i ,   and  t r a i l i n g   edge   r e g i o n s   10,  1 0 i ,   and  i n d e e d   t h e  

w i n g l e t   as  a  w h o l e ,   can  be  c a m b e r e d   to  e n h a n c e   p a r t i c u l a r  

f l o w   c h a r a c t e r i s t i c s   ove r   t h e   w i n g l e t   2  at   c e r t a i n  



o p e r a t i n g   c o n d i t i o n s   of  the   main  w ing .   Th i s   i s  

i r r e s p e c t i v e   of  the   f i t t i n g   of  the   h o u s i n g   13.  As  i s  

shown,   the   p o r t i o n   of  the   w i n g l e t   l y i n g   above   the  m e d i a n  

p l a n e   X  -   X  has   i t s   l e a d i n g   edge  a n d / o r   i t s   t r a i l i n g  

edge   r e g i o n s   9,  10  c a m b e r e d   to  c a u s e   a  m e d i a n   l i n e   4 4 ,  

( t h a t   is  to  say   a  l i n e   w h i c h ,   at   any  c h o r d w i s e   s t a t i o n ,  

l i e s   e q u i d i s t a n t   b e t w e e n   the   o p p o s i t e   s u r f a c e s   of  t h e  

w i n g l e t )   to  d r o o p   in  an  o u t b o a r d   d i r e c t i o n   of  the  m a i n  

wing  w h i l s t   t h a t   p o r t i o n   l y i n g   be low  has  i t s   l e a d i n g  

edge  a n d / o r   i t s   t r a i l i n g   edge  r e g i o n s   9 i ,   1 0 i  

c a m b e r e d   to  c a u s e   the   m e d i a n   l i n e   44i   to  d r o o p   in  a n  

i n b o a r d   d i r e c t i o n .  

F i g u r e   7  i l l u s t r a t e s   an  e m b o d i m e n t   of  t h e  

a r r a n g e m e n t   of  F i g u r e s   1  and  2  on  wh ich   t y p i c a l   a n d  

l i m i t i n g   v a l u e s   of  d i m e n s i o n s   a re   g i v e n   u s i n g   t h e  

s p e c i f i e d   c h o r d   CT  of  the  main  wing  t i p   as  r e f e r e n c e .  

T h u s : -  



Figure   8  i l l u s t r a t e s   an  embodiment  of  the  arrangement  o f  

F igu re s   3  and  4  on  which  t y p i c a l   and  l i m i t i n g   values  of  d i m e n s i o n s  

are   given  again  using  the  s p e c i f i e d   chord  CT  of  the  main  wing  t i p  

as  r e f e r e n c e .  

T h u s : -  

In  e a c h   c a s e ,   the   a s p e c t   r a t i o   (AR)  i s   fo r   a  w i n g l e t  

w h i c h   is   s y m m e t r i c a l   a b o v e   and  b e l o w   the   m e d i a n   p l a n e   X  -  

X,  b u t   s u c h   s y m m e t r y   i s   no t   e s s e n t i a l .  

F i g u r e s   9a ,   b  a n d   c,  and  F i g u r e   10  show  v a r i o u s  

a l t e r n a t i v e   w i n g l e t s   by  way  of  e x a m p l e .   T h e s e   e x a m p l e s   a r e  

n o t   e x h a u s t i v e   and  a r e   i l l u s t r a t e d   m e r e l y   to  show  s o m e  

e m b o d i m e n t s   of  the   i n v e n t i o n .  



In  F i g u r e   9a,   P  =  0   and  L  =  0 .6CT,   in  F i g u r e   9b  

P  =  -   0 .36   C T  a n d   L  =  0 . 6 C T ,   and ,   in  F i g u r e   9 c  

P  =  0  and  L  =  CT.  

As  can  be  s een   in  F i g u r e   9a,  h  =  h . ,   F i g u r e   9b,  h  > 

h .  a n d   in  F i g u r e   9c,  h  >  h i .  

In  F i g u r e   10,  wh ich   i l l u s t r a t e s   a  v e r s i o n   of  t h e  

e m b o d i m e n t   of  F i g u r e s   3  and  4  w i t h   t he   i n t e r s e c t i o n s   o f  

the   tw in   l e a d i n g   edge  r e g i o n s   11  and  12  and  t h e  

i n t e r s e c t i o n   of  the   r e g i o n   12  w i t h   the   t i p   r e g i o n   8  a r e  

s m o o t h l y   b l e n d e d .   In  t h i s   e m b o d i m e n t   P  =  0 . 1 0   CT  and  L 

=  0 . 9 5   CT. 

F i g u r e   11  i l l u s t r a t e s   how  the   u p p e r   and  l ower   r e g i o n s  

of  the   w i n g l e t   2  may  be  c a n t e d   w i t h   r e s p e c t   to  o n e  

a n o t h e r ,   b o t h   i n b o a r d   or  o u t b o a r d ,   or  t h e y   may  b e  

c o - p l a n a r   bu t   s t i l l   c a n t e d .  

F i g u r e s   12  and  13  a re   i n c l u d e d   to  g r a p h i c a l l y   s h o w  

how  a  w i n g l e t   of  the   p r e s e n t   i n v e n t i o n   c o m p a r e s   w i t h   t w o  

o t h e r   wing  t i p   d e v i c e s .  

In  F i g u r e   12,  g r a p h   20  i l l u s t r a t e s   the   c h a n g e   of  m a i n  

wing  b e n d i n g   moment  w i t h   l i f t   i n c r e a s e   due  to  the  p r e s e n c e  

of  a  wing  t i p   e x t e n s i o n   in  the   form  of  an  i n c r e a s e   in  s p a n  

of  the   main  w i n g .   As  can  be  s e e n ,   the   s l o p e   is  r e l a t i v e l y  

s t e e p .  

Graph  21  i l l u s t r a t e s   the  c h a n g e   of  main  wing  b e n d i n g  

moment  w i t h   l i f t   i n c r e a s e   due  to  the   p r e s e n c e   of  a  w i n g l e t  

of  r e l a t i v e l y   l o w e r   s w e e p b a c k   and  r e l a t i v e l y   h i g h e r   a s p e c t  



r a t i o   t h a n   t h e   w i n g l e t   of  the   p r e s e n t   i n v e n t i o n ,   t h a t   i s  

to   say   g r a p h   21  r e l a t e s   to  a  known  w i n g l e t .   As  can  b e  

s e e n ,   t he   s l o p e   i s   l e s s   s t e e p   t h a n   g r a p h   20.  However ,   a t  

r e g i o n   22,  s t a l l i n g   of  t he   w i n g l e t   can  o c c u r   w i t h  

a t t e n d a n t   f l o w   b r e a k a w a y .   Thus  the   c u r v e   d i p s   s h a r p l y   a n d  

i s   i n d i c a t i v e   of  p o t e n t i a l   h a n d l i n g   p r o b l e m s .  

Graph   23  i l l u s t r a t e s   the   c h a n g e   of  main  wing  b e n d i n g  

moment   w i t h   l i f t   i n c r e a s e   due  to  t he   p r e s e n c e   of  a  w i n g l e t  

a c c o r d i n g   to  t h e   i n v e n t i o n .   As  can  be  s e e n ,   t he   s l o p e   i s  

l e s s   s t e e p   t h a n   e i t h e r   of  the   o t h e r   two  g r a p h s .   I t  

f o l l o w s   one  s l o p e ,   r e g i o n   24,  whe re   c o n v e n t i o n a l   a t t a c h e d  

f l o w   is   t a k i n g   p l a c e ,   and  s u b s e q u e n t l y ,   a f t e r   a  t r a n s i t i o n  

p e r i o d ,   r e g i o n   25,   w h e r e   a  m i x t u r e   of  f l o w s   may  b e  

p r e s e n t ,   i t   f o l l o w s   a  s o m e w h a t   s t e e p e r   s l o p e ,   r e g i o n   2 6 ,  

w h e r e   t he   a t t a c h e d   f l o w   is  r e p l a c e d ,   a t   l e a s t   to  a  l a r g e  

e x t e n t ,   by  a  s t a b l e   l e a d i n g   edge  g e n e r a t e d   v o r t e x   f l o w .  

T h e s e   d i s t i n c t   t y p e s   of  f l ow  a re   i l l u s t r a t e d   in  F i g u r e s   1 ,  

3  and  2,  4  r e s p e c t i v e l y   and  a  b r i e f   d i s c u s s i o n   w i t h  

r e s p e c t   to  t h e s e   F i g u r e s   f o l l o w s   b e l o w .  

In  F i g u r e   13,   g r a p h   30  i l l u s t r a t e s   t he   d r a g   r e d u c t i o n  

w i t h   l i f t   i n c r e a s e   due  to  the   p r e s e n c e   of  the   same  w i n g t i p  

e x t e n s i o n   as  t h a t   of  g r a p h   20.  As  can   be  s e e n ,   t h e r e   is  a  

h i g h   and  i n c r e a s i n g   d r a g   r e d u c t i o n ,   b u t   i t s   a s s o c i a t e d  

b e n d i n g   moment   i n c r e a s e   r e n d e r s   s u c h   an  a r r a n g e m e n t  

u n d e s i r a b l e .  

Graph   31  i l l u s t r a t e s   d r a g   r e d u c t i o n   w i t h   l i f t  



i n c r e a s e   due  to  the   p r e s e n c e   of  the   s ame ,   known,  w i n g l e t  

as  t h a t   of  g r a p h   21.  As  can  be  s e e n ,   t h e r e   is  a  h igh   a n d  

i n c r e a s i n g   d r a g   r e d u c t i o n ,   but   at  r e g i o n   32  ( a s s o c i a t e d  

w i t h   r e g i o n   22)  f l o w   b r e a k a w a y   can  o c c u r   l e a d i n g   to  r a n d o m  

bu t   m a s s i v e   d r a g   i n c r e a s e s   and  h e n c e   l i k e l y   a i r c r a f t  

h a n d l i n g   p r o b l e m s .   T h i s ,   t o g e t h e r   w i t h   the  r e l a t i v e l y  

h i g h   i n c r e a s e   in  b e n d i n g   moment ,   r e n d e r s   such  a n  

a r r a n g e m e n t   p o t e n t i a l l y   u n d e s i r a b l e .  

Graph  33  i l l u s t r a t e s   d rag   r e d u c t i o n   w i t h   l i f t  

i n c r e a s e   due  to  the   p r e s e n c e   of  a  w i n g l e t   a c c o r d i n g   to  t h e  

i n v e n t i o n ,   t h a t   is  to  say  a  s i m i l a r   w i n g l e t   to  t h a t   of  t h e  

g r a p h   23.  As  can  be  s een   at  r e g i o n   34,   c o r r e s p o n d i n g   t o  

r e g i o n   24,  where   t h e r e   is  c o n v e n t i o n a l   a t t a c h e d   f low  t h e r e  

is   a  s i m i l a r   o r d e r   of  d r ag   r e d u c t i o n   to  g r a p h s   30  and  3 1 .  

In  the  t r a n s i t i o n   r e g i o n   of  f low  35,  c o r r e s p o n d i n g   t o  

r e g i o n   25,  the   g r a p h   r e f l e x e s   and  the   i n c r e a s e   of  d r a g  

r e d u c t i o n   is  i n d i c a t e d   at  36,  wh ich   is  a  r e g i o n   of  v o r t e x  

f l o w ,   c o r r e s p o n d i n g   to  r e g i o n   26.  T h e r e   is  no  f l o w  

b r e a k a w a y ,   and  t h u s   no  a i r c r a f t   h a n d l i n g   p r o b l e m s ,   and  t h e  

r e l a t i v e l y   low  d r a g   r e d u c t i o n   is  a c c e p t a b l e   b e c a u s e   i t   i s  

a r r a n g e d   to  o c c u r   in  o t h e r   t han   a i r c r a f t   c r u i s i n g   f l i g h t .  

M o r e o v e r ,   t he   r e l a t i v e l y   low  b e n d i n g   moment  i n c r e a s e   is  o f  

v i t a l   i m p o r t a n c e   s i n c e   the   main  wing  r e q u i r e s   l i t t l e   or  no  

s t r e n g t h e n i n g .  

In  F i g u r e s   12  and  13,  bar  40  i n d i c a t e s   the  d e s i g n  

c o e f f i c i e n t   of  l i f t   p o i n t   for   e f f i c i e n t   c r u i s i n g   f l i g h t ,  



i . e .   f l i g h t   w i t h   a  p r e d e t e r m i n e d   low  l e v e l   of  d r a g ,   bar   41 

i n d i c a t e s   t h e   d e s i g n   c o e f f i c i e n t   of  l i f t   p o i n t   for   t h e  

w i n g   s t r u c t u r e   to  be  s u f f i c i e n t l y   s t r o n g   to  a c c o m m o d a t e  

f o r   e x a m p l e   a  2k  g  m a n o e u v r e   ( i t   is  u s u a l l y   a  h i g h   s p e e d  

d e s i g n   p o i n t )   and  bar   42  i n d i c a t e s   the   d e s i g n   c o e f f i c i e n t  

of  l i f t   p o i n t   a t   w h i c h   s t a l l   can  t a k e   p l a c e   ( i t   is  a  l o w  

s p e e d   d e s i g n   p o i n t ) .   I t   is  up  to  t h i s   l a t t e r   p o i n t   t h a t  

good   h a n d l i n g   c h a r a c t e r i s t i c s ,   t h a t   is  to  say   c o n t r o l l e d  

- n o n   r a n d o m  -   f l o w   b r e a k a w a y   s h o u l d   be  m a i n t a i n e d .  

R e v e r t i n g   now  to  F i g u r e s   1  and  3,  t h e s e   i l l u s t r a t e  

c o n v e n t i o n a l   a t t a c h e d   f l o w   o v e r   t he   w i n g l e t s   2  in  c r u i s e  

l i f t   c o e f f i c i e n t   c o n d i t i o n s ,   t he   w i n g l e t s   a r e   t h u s  

o p e r a t i n g   in  t he   r e g i o n s   24  and  34  i l l u s t r a t e d   in  F i g u r e s  

12  and  1 3 .  

F i g u r e s   2  and  4  i l l u s t r a t e   t he   d e v e l o p m e n t   of  s t a b l e  

v o r t e x   f l o w   in  h i g h   l i f t   c o e f f i c i e n t   c o n d i t i o n s ,   t h e  

w i n g l e t s   2  a r e   t h u s   o p e r a t i n g   in  t he   r e g i o n s   26  and  36  o f  

F i g u r e s   12  and  13.  As  is  i l l u s t r a t e d ,   t he   v o r t i c e s   f o r m  

o v e r   t h e   i n b o a r d   s u r f a c e   of  an  u p p e r   p o r t i o n   of  t h e  

w i n g l e t   and  o v e r   an  o u t b o a r d   s u r f a c e   of  a  l o w e r   p o r t i o n   o f  

t h e   w i n g l e t   when  t h e   a i r c r a f t   is   in  a  g e n e r a l l y   s t r a i g h t  

and  l e v e l   f l i g h t   a t t i t u d e .  



1.  An  a i r c r a f t   wing  i n c l u d i n g   main  wing  means  h a v i n g   a 

m e d i a n   p l a n e   and  a  wing  t i p   r e g i o n   of  s p e c i f i e d   c h o r d  

h a v i n g   a  l e a d i n g   edge  r e g i o n   and  a  t r a i l i n g   edge  r e g i o n ,  

and  w i n g l e t   means  e x t e n d i n g   f rom  s a i d   wing  t i p   r e g i o n ,   t h e  

w i n g l e t   means  h a v i n g   a  r o o t   r e g i o n   wi th   b o t h   a  f o r w a r d  

e x t r e m i t y   and  a  r e a r w a r d   e x t r e m i t y   in  the   r e g i o n   of  t h e  

m e d i a n   p l a n e ,   the   f o r w a r d   e x t r e m i t y   of  the   w i n g l e t   m e a n s  

l y i n g   at  or  r e a r w a r d   of  t he   l e a d i n g   edge  r e g i o n   of  t h e  

main   wing  means ,   a  t i p   r e g i o n   r e m o t e   f rom  the   m e d i a n  

p l a n e ,   a  l e a d i n g   edge  r e g i o n   e x t e n d i n g   b e t w e e n   the   f o r w a r d  

e x t r e m i t y   and  the  t i p   r e g i o n   of  h i g h   sweep  back   over   a t  

l e a s t   p a r t   of  i t s   l e n g t h   at  or  n e a r   the  r o o t   r e g i o n ,   and  a  

t r a i l i n g   edge  r e g i o n   e x t e n d i n g   b e t w e e n   the  r e a r w a r d  

e x t r e m i t y   of  the  r o o t   r e g i o n   and  the  t i p   r e g i o n ,   the   r a t i o  

of  the   s q u a r e   of  the   d i s t a n c e   from  the   t i p   r e g i o n   to  t h e  

r o o t   r e g i o n   to  the  a r e a   b o u n d e d   by  and  i n c l u d i n g   the   r o o t  

r e g i o n ,   the   t i p   r e g i o n ,   t he   l e a d i n g   edge  r e g i o n ,   and  t h e  

t r a i l i n g   edge  r e g i o n   b e i n g   1 .5   or  l e s s .  

2.  An  a i r c r a f t   wing  a c c o r d i n g   to  C la im  1,  w h e r e i n   t h e  

w i n g l e t   means  i n c l u d e s   t w i n   t i p   r e g i o n s ,   one  l y i n g   a b o v e  

t he   med ian   p l a n e   and  one  l y i n g   be low  each  t i p   r e g i o n  

h a v i n g   an  a s s o c i a t e d   l e a d i n g   edge  r e g i o n   and  t r a i l i n g   e d g e  

r e g i o n .  

3.  An  a i r c r a f t   wing  a c c o r d i n g   to  C la im   1  or  C l a i m   2,  i n  

w h i c h   the   or  each   w i n g l e t   l e a d i n g   edge  r e g i o n   has  a  s i n g l e  



a n g l e   of  s w e e p b a c k   s e t   a t   b e t w e e n   85°  and  5 0 0 .  

4.  An  a i r c r a f t   wing   a c c o r d i n g   to  C l a i m   1  or  C la im  2,  i n  

w h i c h   t he   or  e a c h   w i n g l e t   l e a d i n g   edge   r e g i o n   has  at   l e a s t  

two  a n g l e s   of  s w e e p b a c k ,   one  nea r   t he   r o o t   r e g i o n   b e i n g  

b e t w e e n   850  and  5 0 ° ,   to  the   m e d i a n   p l a n e ,   and  t h a t   a n d  

one  n e a r e r   t h e   t i p   r e g i o n   b e i n g   a t   a  maximum  of  350  t o  

t h e   m e d i a n   p l a n e .  

5.  An  a i r c r a f t   wing  a c c o r d i n g   to  c l a i m   4  w h e r e i n   the   o r  

e a c h   l e a d i n g   e d g e   r e g i o n   is  of  g e n e r a l l y   ogee   p l a n f o r m   a n d  

s a i d   two  a n g l e s   of  s w e e p b a c k   r e s p e c t i v e l y   a r e   a t   c o n c a v e  

and  c o n v e x   p a r t s   of  t h e   ogee   p l a n f o r m .  

6.  An  a i r c r a f t   wing   a c c o r d i n g   to  C l a i m   3,  or  C la im   4,  o r  

c l a i m   5  w h e r e i n   t h e   d i s t a n c e   b e t w e e n   t he   r e a r w a r d  

e x t r e m i t y   of  t he   w i n g l e t   r o o t   r e g i o n   and  the   t r a i l i n g   e d g e  

r e g i o n   of  t he   w i n g t i p   is   a  maximum  of  0 . 7 5   of  t h e  

s p e c i f i e d   c h o r d   f o r w a r d   of  s a i d   t r a i l i n g   edge   r e g i o n   o f  

t h e   w i n g t i p   and  i s   a  maximum  of  0 . 5 0   of  t he   s p e c i f i e d  

c h o r d   r e a r w a r d   of  s a i d   t r a i l i n g   edge   r e g i o n .  

7.  An  a i r c r a f t   wing   a c c o r d i n g   to  C l a i m   3,  C l a im   4 ,  

C l a i m   5,  or  C l a i m   6  w h e r e i n   t he   d i s t a n c e   b e t w e e n   t h e  

e x t r e m i t i e s   of  t h e   r o o t   r e g i o n   of  t he   w i n g l e t   is  a  maximum 

of  1 . 2 5   of  t h e   s p e c i f i e d   c h o r d .  

8.  An  a i r c r a f t   wing  a c c o r d i n g   to  C l a i m   2,  in  which   b o t h  

t h e   u p p e r   and  l o w e r   w i n g l e t   l e a d i n g   edge   r e g i o n s   have   a  

s i n g l e   a n g l e   of  s w e e p b a c k   at  a b o u t   7 0 ° ,   to  t he   m e d i a n  

and  w h e r e i n   t h e   A s p e c t   R a t i o   fo r   t he   c o m b i n e d   uppe r   a n d  



l ower   w i n g l e t   means   is  a b o u t   0 . 9 0 .  

9.  An  a i r c r a f t   wing  a c c o r d i n g   to  C l a i m   2,  in  which   b o t h  

w i n g l e t   l e a d i n g   edge   r e g i o n s   have  at  l e a s t   two  a n g l e s   o f  

s w e e p b a c k ,   one  n e a r e r   the  r o o t   r e g i o n   b e i n g   a b o u t   7 0 °  

and  one  n e a r e r   t he   t i p   r e g i o n   b e i n g   at   a b o u t   4 5 °  

and  w h e r e i n   t he   A s p e c t   R a t i o   of  t he   c o m b i n e d   upper   a n d  

l o w e r   w i n g l e t   means   is   a b o u t   0 . 8 0 .  

10.  An  a i r c r a f t   wing  a c c o r d i n g   to  c l a i m   9  w h e r e i n   t h e  

l e a d i n g   edge  r e g i o n s   a re   bo th   of  g e n e r a l l y   ogee  p l a n f o r m  

and  s a i d   two  a n g l e s   of  s w e e p b a c k   r e s p e c t i v e l y   a re   a t  

c o n c a v e   and  c o n v e x   p a r t s   of  the   ogee   p l a n f o r m .  

11.  An  a i r c r a f t   wing  a c c o r d i n g   to  C l a i m   8,  w h e r e i n   t h e  

d i s t a n c e   b e t w e e n   the   r e a r w a r d   e x t r e m i t y   of  the   w i n g l e t  

r o o t   r e g i o n   and  the   t r a i l i n g   edge  r e g i o n   of  the   w i n g t i p   i s  

a b o u t   0 .05   of  the   s p e c i f i e d   cho rd   r e a r w a r d   of  s a i d  

t r a i l i n g   edge  r e g i o n   and  w h e r e i n   the   d i s t a n c e   b e t w e e n   t h e  

e x t r e m i t i e s   of  the   r o o t   r e g i o n   of  the   w i n g l e t   is  a b o u t  

0 .62   of  the   s p e c i f i e d   c h o r d .  

12.  An  a i r c r a f t   wing  a c c o r d i n g   to  C l a i m   9,  or   c l a i m   10  

w h e r e i n   the   d i s t a n c e   b e t w e e n   the   r e a r w a r d   e x t r e m i t y   of  t h e  

w i n g l e t   r o o t   r e g i o n   and  the  t r a i l i n g   edge  r e g i o n   of  t h e  

w i n g t i p   is  a b o u t   0 . 05   of  the  s p e c i f i e d   c h o r d   r e a r w a r d   o f  

s a i d   t r a i l i n g   edge   r e g i o n   and  w h e r e i n   the   d i s t a n c e   b e t w e e n  

the   e x t r e m i t i e s   of  the   r o o t   r e g i o n   of  the   w i n g l e t   i s  a b o u t  

0 .85   of  the   s p e c i f i e d   c h o r d .  

13.  An  a i r c r a f t   wing  a c c o r d i n g   to  a n y  o n e   of  the   p r e v i o u s  



C l a i m s ,   in  w h i c h   the   w i n g l e t   means  l y i n g   above   the   m e d i a n  

p l a n e   has   t he   l e a d i n g   edge   r e g i o n   a n d / o r   the   t r a i l i n g   e d g e  

r e g i o n   c a m b e r e d   to  c a u s e   a  m e d i a n   l i n e   to  d r o o p   in  a  

d i r e c t i o n   o u t b o a r d   of  t h e   main   wing  means  and  in  which   t h e  

w i n g l e t   means   l y i n g   b e l o w   t he   m e d i a n   p l a n e   has  the   l e a d i n g  

e d g e   r e g i o n   a n d / o r   t he   t r a i l i n g   edge  r e g i o n   c a m b e r e d   t o  

c a u s e   a  m e d i a n   l i n e   to  d r o o p   in  a  d i r e c t i o n   i n b o a r d   of  t h e  

m a i n   w ing   m e a n s .   14.  An  a i r c r a f t   wing  a c c o r d i n g   to  a n y  

one  of  t h e   p r e v i o u s   C l a i m s ,   in  which   the   r o o t   r e g i o n   o f  

t h e   w i n g l e t   m e a n s   is   e x t e n d e d   l a t e r a l l y   i n b o a r d   to  p r o v i d e  

f a i r i n g   m e a n s .  
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